Objective: The peptide hormone adropin regulates fuel selection preferences in skeletal muscle under fed and fasted conditions. Here, we investigated whether adropin treatment can ameliorate the dysregulation of fuel substrate metabolism, and improve aspects of glucose homeostasis in diet-induced obesity (DIO) with insulin resistance. Methods: DIO C57BL/6 mice maintained on a 60% kcal fat diet received five intraperitoneal (i.p.) injections of the bioactive peptide adropin (450 nmol/kg/i.p.). Following treatment, glucose tolerance and whole body insulin sensitivity were assessed and indirect calorimetry was employed to analyze whole body substrate oxidation preferences. Biochemical assays performed in skeletal muscle samples analyzed insulin signaling action and substrate oxidation. Results: Adropin treatment improved glucose tolerance, enhanced insulin action and augmented metabolic flexibility towards glucose utilization. In muscle, adropin treatment increased insulin-induced Akt phosphorylation and cell-surface expression of GLUT4 suggesting sensitization of insulin signaling pathways. Reduced incomplete fatty acid oxidation and increased CoA/acetyl-CoA ratio suggested improved mitochondrial function. The underlying mechanisms appear to involve suppressions of carnitine palmitoyltransferase-1B (CPT-1B) and CD36, two key enzymes in fatty acid utilization. Adropin treatment activated pyruvate dehydrogenase (PDH), a rate-limiting enzyme in glucose oxidation, and downregulated PDH kinase-4 (PDK-4) that inhibits PDH. Along with these changes, adropin treatment downregulated peroxisome proliferator-activated receptor-gamma coactivator-1a that regulates expression of Cpt1b, Cd36 and Pdk4. Conclusions: Adropin treatment of DIO mice enhances glucose tolerance, ameliorates insulin resistance and promotes preferential use of carbohydrate over fat in fuel selection. Skeletal muscle is a key organ in mediating adropin's whole-body effects, sensitizing insulin signaling pathways and altering fuel selection preference to favor glucose while suppressing fat oxidation.
INTRODUCTION
Adropin is a small peptide that has been linked to metabolic homeostasis and cardiovascular function [1e4] . High levels of expression of the Energy Homeostasis Associated (Enho) gene encoding adropin have been observed in the central nervous system, although widespread expressions in peripheral tissues such liver, cardiac and skeletal muscle, and endothelium have also been reported [4e6] . Adropin was originally proposed to be a secreted factor, with residues 1-33 encoding a secretory signal peptide [4] . A more recent study suggests that adropin might be a membrane-bound protein that interacts with the notch signaling pathway to modulate intercellular communications [5] . While the source and mechanism of release remains controversial, adropin immunoreactivity has nevertheless been reported by several laboratories to be present in plasma and sera of mouse, nonhuman primate and human [3,7e23] . Studies in mice suggest that the gene expression and the circulating levels of adropin are affected by dietary macronutrients and energy balance states [3, 4, 20, 24, 25] . The rapid regulation of adropin levels by nutritional and energy states points to potential roles for adropin in metabolic homeostasis. Indeed, early studies showed that transgenic overexpression of adropin or treatment using the putative secreted domain (adropin ) improved glucose clearance, reduced fasting insulin and reversed dyslipidemia and the fatty liver phenotype in diet-induced obese C57BL/6 (DIO) mice [4] . In addition, our group observed evidence of insulin resistance in 1 the adropin knockout mice [20] . Furthermore, we recently proposed that adropin regulates the preference for fuel selection in skeletal muscle in the feeding and fasting cycle [3] . We posited that increased release of adropin, such as in the fed state, activates pyruvate dehydrogenase (PDH) complex to increase glucose oxidation [3] . In parallel, adropin reduces muscle fatty acid oxidation (FAO) by inhibiting carnitine palmitoyltransferase-1B (CPT1B) [3] , a key enzyme that transports fatty acids into muscle mitochondria for b-oxidation [26] .
Dysregulation of glucose and fatty acid metabolism is a metabolic signature in the diet-induced obese (DIO) state [27] . In the DIO condition, glucose utilization is diminished and fatty acids are the predominant fuel source in muscle [27] . One mechanism explaining altered fuel selection preference involves the excessive FAO that inhibits pyruvate and glucose oxidation by the Randle cycle mechanism [28e31] . A growing body of evidence suggests that limiting excessive FAO in muscle plays a role in maintaining glucose homeostasis in DIO rodents [30e32] . As our data suggest that adropin is a physiological regulator of the oxidation of glucose and fatty acid, we speculated that adropin treatment would exert therapeutic roles in ameliorating the dysregulated fuel metabolism and glucose intolerance in DIO state. Indeed, recent evidence indicates that high-fat feeding results in muscle mitochondrial fatty acid overload and excessive b-oxidation, which has been proposed to contribute to the development of insulin resistance in DIO mice [30] . Furthermore, it has been suggested that inhibition of muscle FAO can alleviate insulin resistance in DIO mice [32] . Taking these observations together, we hypothesized that adropin treatment would enhance insulin actions in muscle of DIO mice. The current study investigated whether adropin treatment would impact substrate utilization, improve glucose homeostasis and ameliorate insulin resistance in the diet-induced obesity.
MATERIALS AND METHODS

Animal studies
Mouse experiments were approved by the Institutional Animal Care and Use Committees of the Scripps Research Institute (Jupiter, Florida). Male, lean or DIO C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Lean mice were maintained on low-fat diets (10e14% kcal fat). DIO mice were maintained on high fat diet (60% kcal fat) (Research Diets, New Brunswick, NJ). Mice were monitored daily after shipment until body weight became stabilized. Mice subjected to experimental procedures were 24-week old. Body composition was determined using a NMR spectroscopy analyzer (Bruker Minispec).
Adropin treatment
Adropin was provided by Ipsen (Paris, France) or purchased from ChinaPeptides (Shanghai, China). The peptide was dissolved in 0.1% bovine serum albumin, and administered by intraperitoneal (i.p.) injection.
Glucose and insulin tolerance tests
The animal handling and injection protocols used for glucose tolerance test (GTT) (glucose, 2 mg/g fat-free mass) and insulin tolerance test (ITT) (Humulin, Eli Lilly, IN; insulin, 0.5 mU/g body weight) are shown in Figure 1 . Blood glucose levels were monitored using OneTouch Blood Glucose Meters (LifeScan Europe, Switzerland) at the times indicated. Serum insulin levels were measured using an Ultrasensitive Mouse Insulin ELISA kit (Crystal Chem, Downers Grove, IL).
Whole body metabolic assessment
Oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ) and respiratory exchange ratio (RER; VCO 2 /VO 2 ) were measured using a
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Glucose tolerance test (GTT) Insulin tolerance test (ITT) Figure 1 : Schemes of the animal treatment for the assessments of glucose and insulin tolerance in DIO mice. DIO mice received five intraperitoneal (i.p.) injections of adropin or vehicle over a 48 h period. A group of chow-fed lean mice included in the study received injections of vehicle. (A) Protocol for assessing the impact of adropin treatment on glucose tolerance. After the 4th injection of adropin or vehicle, food was removed and the mice fasted overnight. The mice received a 5th injection the next morning; one hour later, baseline blood glucose levels were determined (t ¼ 0); mice then received an i.p. injection of glucose (2 mg/g fat free mass). Glucose levels were then determined at 15 min intervals. (B) Protocol for assessing the impact of adropin treatment on insulin tolerance. DIO and the lean control mice received five intraperitoneal (i.p.) injections of adropin or vehicle. One hour after the 5th injection, the mice that had been fasted for 6 h were given an i.p. injection of insulin (0.5 mU/g body weight The CD36 Ab was from Novus Biologicals (Littleton, CO). The anti-PDH-E1a (pSer232) Ab was from Millipore. The antibodies to detect PGC-1a, PDK4, and acetylated-Lysine (Ac-K) were described previously [3] . GAPDH was used as the loading control in whole cell lysate analysis. Densitometry was performed with the Scion image software (Frederick, MD).
Subcellular fractionation
To measure GLUT4 and CD36 protein contents in the cell surface, muscle tissues were subject to the subcellular fractionation procedures that were detailed in [34] . In brief, fragments of the quadriceps muscle were minced and homogenized in 2 volumes of STE buffer [0.32M sucrose, 20 mM Tris-HCL (pH 7.4), 2 mM EDTA] with protease and phosphatase inhibitors (Roche Life Science, Indianapolis, IN). The homogenates were centrifuged at 1,000 g, and the pellet was suspended in Triton buffer [1% Triton X-100, 20 mM Tris-HCL (pH7.4), 150 mM NaCl, 200 mM EDTA] with protease and phosphatase inhibitors (Roche Life Science, Indianapolis, IN). The suspension was centrifuged at 15,000 g to separate the nuclear fraction. The supernatant was centrifuged at 100,000 g (Beckman Coulter Optima Ultracentrifuge) to obtain a pellet that was suspended in the STE buffer plus 1% Nonidet P-40, and centrifuged at 100,000 g to obtain the membrane fraction. All procedures were performed at 4 C. The GLUT4 and CD36 protein were then detected with the respective antibodies, with Na-K ATPase serving as the loading control of cell surface (plasma membrane) fraction [32] .
2.7. Fatty acid oxidation FAO was measured using whole muscle homogenates as described before [3, 35] . [U-14 C] palmitic acid was used as the substrate. Skeletal muscle samples were homogenized in the buffer containing 0.25M Sucrose, 1 mM EDTA, 0.01M Tris-HCL (pH 7.4), and 2 mM ATP. The reaction was initiated by adding a reaction mixture containing the [U-14 C] palmitic acid into the muscle homogenate. The reaction was incubated in a trapping device at 37 C for 1 h before 70% perchloric acid was added to trap CO 2 production. The trapping mixture was further incubated under room temperature for 1 h before NaOH was added. A portion of the mixture containing the trapped CO 2 was used for scintillation counting. The acidified portion that constitutes the acid soluble metabolites (ASM) was collected, and incubated overnight under 4 C. Following the overnight incubation, the ASM was centrifuged at 15,000 g, and the supernatant was used for scintillation counting. The 14 CO 2 production from the labeled palmitate indicates complete oxidation, and the production of 14 C-labeled ASM indicates incomplete oxidation.
2.8. CPT1 activity assay CPT-1 activity was measured using freshly prepared mitochondria as described previously [3, 36] . In brief, the muscle samples were homogenized in buffer B (250 mM Sucrose, 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA). The muscle homogenate was centrifuged at 600 g, and the resultant supernatant was centrifuged at 12,000 g. The pellet was suspended in buffer B, centrifuged at 8,000 g, washed, and finally resuspended in buffer B. The suspension was enriched in mitochondria, and was used for the CPT-1 activity assay. The reaction was initiated by adding the mitochondria sample to the assay mixture containing L-[ 14 C-Me] carnitine and palmitoyl-CoA as substrates. The reaction was incubated at 30 C for 5 min, and terminated by the addition of 1.2N HCl. Extractions of the product of the reaction, palmitoyl-14 C-carnitine, were conducted by adding water-saturated butanol. The mixture was centrifuged at 1,000 g, and the upper phase was removed, mixed with H 2 O, and centrifuged at 2,000 g. A portion of the upper phase was then used for scintillation counting.
Pyruvate dehydrogenase (PDH) activity assay
The mice were euthanized within two hours after the last injection, and the muscle tissues were freeze-clamped and flash-frozen in liquid nitrogen. The PDH activity from whole muscle lysate was measured by use of colorimetric microplate assay kit from Mitosciences (Eugene, OR) [37] , following the manufacturer's protocol. In brief, PDH proteins from whole cellular lysate were immunocaptured on a microplate. A reaction mixture containing pyruvate and NAD þ is then added to the plate. The readout is the rate of production of NADH, which was further coupled to the reduction of a reporter dye to yield a colored reaction product. The formation of the colored product was then monitored on a spectrophotometer, and the PDH activity was calculated by use of the rate of the change in optical density. Preliminary study showed a 50% decrease in the native PDH activity in the fasted muscle extract, which validates the assay. In addition, the PDH activity levels in the current study are in the similar range as in another report using the same kit [37] .
Glycogen and triacylglycerol assay
Glycogen and triacylglycerol were measured by use of the Glycogen Assay Kit from Abcam (Cambridge, MA) and the Triglyceride Colorimetric Assay Kit from Cayman (Ann Arbor, MI), respectively, following the manufacturer's protocols.
Real-time PCR
The extraction of the total RNA from muscle samples was performed by use of the RNeasy Mini Kit from Qiagen (Valencia, CA). cDNA was synthesized using the high capacity cDNA reverse transcription kit from Applied Biosystems (Carlsbad, CA). PCR was conducted using a 7900 Fast Real-time PCR system, following the instructions from the TaqMan Gene Expression Assays (Applied Biosystems). The message levels of Gapdh were used as the loading control.
Metabolic profiling
Metabolomics analysis of the muscle samples was performed by Metabolon (Durham, NC). The levels of long-chain acyl-CoA, ceramide and malonyl-CoA were measured as reported before [32] .
Statistical analysis
All data are presented as mean AE SEM. Unless otherwise noted, Student t-test or ANOVA followed by multiple comparison tests (Neuman-Keuls) was used to evaluate the statistical significance. A value of P < 0.05 is defined as statistically significant.
RESULTS
Adropin treatment improved glucose tolerance in DIO mice
To confirm that adropin therapy improves glucose tolerance, we adhered to the treatment protocol that was shown previously to improve glucose tolerance [4] . We administered five intraperitoneal (i.p.) injections of adropin (450 nmol/kg/i.p.) to DIO mice over 2e3 days; control DIO and lean mice were treated with the vehicle ( Figure 1A ). Injections of adropin at this dose and duration did not alter body weight (Figure 2A ), thus excluding potential effects of weight change on glucose tolerance. In the experiment examining glucose tolerance, the mice were fasted overnight, and a bolus intraperitoneal injection of glucose was administered at 1 h after the last injection of adropin ( Figure 1A ). Blood glucose levels were then monitored in the following 90 min. The vehicle-treated DIO mice were glucose intolerant compared to the lean mice, and adropin treatment significantly improved glucose tolerance in DIO mice ( Figure 2B ). Serum insulin levels were also measured 90 min post-glucose injection, with adropin-treated DIO mice exhibiting levels that were lower relative to the vehicle-treated DIO mice ( Figure 2C ). We next assessed whether adropin treatment would improve whole body insulin action by performing insulin tolerance test (ITT) in mice fasted for 6 h ( Figure 1B) . DIO mice treated with adropin exhibited lower blood glucose levels, while the effect of insulin to lower blood glucose was enhanced relative to DIO controls ( Figure 2D ). Collectively, these data suggest that treating DIO mice with the adropin peptide was effective at enhancing glucose tolerance and alleviating whole-body insulin resistance. 
Adropin treatment enhanced glucose oxidation and metabolic flexibility
Our previous results suggest that adropin is involved in the physiological control of fuel selection [3] . In the current study, we conducted indirect calorimetry to assess whether adropin treatment, associating with the enhancement of glucose and insulin tolerance, would impact fuel utilization in DIO mice. The protocol used for this experiment was similar to that used to investigate glucose tolerance ( Figure 1A ). The acclimated DIO mice received five injections of adropin , and then a bolus of a mixture consisting of insulin and glucose was given to the mice.
Prior to the insulin/glucose challenge, adropin injections induced a subtle but significant increase in the RER ( Figure 3A , "pre-INS/GLU"), suggesting preferential oxidation of carbohydrate over fat. The injection of insulin/glucose induced increases in RER in both the vehicle and the adropin-treated mice, and the increase ("delta") was more pronounced in the adropin-pretreated mice than in the vehicle-pretreated controls ( Figure 3A , "post-INS/GLU"). Total energy expenditure indicated by heat production was not affected by adropin treatment ( Figure 3B , "pre-INS/GLU"). When the individual levels of substrate oxidation were calculated, adropin-treated mice showed a trend (P ¼ 0.07) of an increase in glucose oxidation and a decrease (P ¼ 0.1) in fatty acid oxidation ( Figure 3C and D, "pre-INS/GLU"). Injection of the insulin/ glucose mixture induced increases in glucose oxidation in both the vehicle-and adropin-treated mice, and the adropin-pretreated mice exhibited a greater response (to insulin/glucose) than the vehiclepretreated animals ( Figure 3C ). In parallel with the enhanced shift towards glucose oxidation, a decline in fatty acid oxidation following insulin/glucose injection was also observed following adropin treatment ( Figure 3D , "post-INS/GLU"). Taken together, the data suggest that adropin therapy enhances glucose oxidation and ameliorates metabolic inflexibility of utilizing glucose in obese and insulin resistant mice.
Adropin treatment enhanced insulin signaling pathways in muscle
We next investigated whether adropin treatment would improve insulin signaling actions in skeletal muscle. The mice were treated employing a protocol similar to that used for the ITT test ( Figure 1B ). DIO and the lean control mice received five injections of adropin or its vehicle, and a bolus of insulin or saline was given to the mice. Akt is a key component in insulin intracellular signaling pathways; most studies support an important role for Akt in insulin-stimulated glucose uptake in muscle [38e40]. In our studies, the insulin-induced increase in Akt phosphorylation, an indicator of kinase activity, was blunted in the muscle of DIO mice, as compared to the lean mice ( Figure 4A ) [41] . DIO mice treated with adropin exhibited an augmented response relative to DIO mice treated with the vehicle, suggesting an enhanced insulin signaling through Akt ( Figure 4A ). Increased phosphorylation of Akt substrate 160 (AS160) mediates the effect of Akt on insulin-stimulated glucose uptake [42, 43] . Consistent with previous data [44] , insulin-stimulated AS160 phosphorylation (Thr642) was reduced in DIO muscle ( Figure 4B ). Adropin treatment partially restored the response to insulin injection ( Figure 4B ). The GLUT4 transporter lies downstream of AS160 action, and is recruited to cell surface following insulin stimulation [45] . In the current study, adropin treatment enhanced insulin-induced cell surface expression of GLUT4 without altering the whole cell level ( Figure 4C ). As the recruitment of GLUT4 to cell surface plays an essential role in mediating insulin-stimulated glucose uptake [45] , our results suggest adropin treatment has the potential to promote insulin-induced glucose uptake in muscle. The muscle samples were divided into two subgroups using two sets of gels (n ¼ 4e8). The representative blots from one set of gels were presented, showing phospho-Akt (pAkt-S 473 ) and total Akt (n ¼ 2e4). GAPDH was used as the loading control. The level of the pAkt or total Akt was normalized to the corresponding GAPDH, and the ratios of the normalized pAkt to the normalized Akt were presented. (B) The Ab against Akt substrate 160 (AS160) was used to immunoprecipitate AS160 protein from whole muscle lysate. The immunoprecipitates were probed with a phospho-AS160 (pAS160-T 642 ) Ab and AS160 Ab (n ¼ 3e5). (C) GLUT4 contents in the subcellular fraction consisting mainly of cell surface were detected by Western blotting, and Na-K ATPase was used as the loading control (two muscle tissues were pooled; n ¼ 2e3). In parallel, the GLUT4 protein levels in whole muscle lysate were shown (n ¼ 3e4). In all blots, two representatives from individual groups in the same gel are presented. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.
We also assessed the responses of Akt upstream components including insulin receptor substrate-1 (IRS1) and phosphatidylinositide-3 kinase (PI3K) [46] . In lean mice, insulin induced tyrosine phosphorylation of IRS1, and increased the level of IRS1-associated p85 subunit of PI3K ( Figure S1A) [41, 47] . Compared to lean muscle, these increases were diminished in muscle of DIO mice ( Figure S1A) [41, 47] . Unexpectedly, adropin pretreatment did not restore the diminished responses of IRS1 and PI3K despite enhancing Akt signaling actions ( Figure S1A and Figure 4A ). These data indicate that adropin treatment selectively enhanced the distal insulin signaling pathways in DIO mouse muscle. PI3K action induces Akt phosphorylation through producing phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ), and PIP 3 is dephosphorylated by phosphatase and tensin homologue (PTEN) leading to inhibition of Akt signaling [48] . In our studies, the protein and message levels of PTEN in muscle of DIO mice were downregulated by adropin treatment (Figure S1B ), which could lead to elevation of PIP 3 level and promote Akt phosphorylation in response to insulin challenge. AMP-activated protein kinase (AMPK) can phosphorylate AS160 independent of Akt, contributing to insulin-independent glucose uptake in skeletal muscle [44] . We measured the phosphorylation levels of AMPK and acetyl-CoA carboxylase (ACC), surrogate makers of AMPK activity, and found no significant changes in these levels following adropin treatment ( Figure S1C ). This suggests that AMPK is not involved in adropin's metabolic effects in muscle of DIO mice, consistent with our previous observations [3] .
Adropin treatment reduced incomplete fatty acid oxidation (FAO)
Prolonged high fat diet feeding has been shown to cause mitochondrial fatty acid overload in muscle, resulting in the buildup of incomplete oxidation products [30] . Confirming this argument, our data demonstrated elevated levels of acid soluble metabolites (ASM) in muscle lysates, which indicates the accumulation of incomplete FAO products ( Figure 5A ). Adropin 34-76 treatment reduced the increased ASM level ( Figure 5A ), suggesting that adropin action curtailed incomplete FAO promoted by high-fat diet feeding. Concomitantly, there were no changes in the level of CO 2 production in response to adropin injection ( Figure 5B ), indicating that complete FAO was not affected (by adropin). The overall FAO level was also calculated, which showed a decrease following adropin treatment as compared with the vehicle-treated DIO mice ( Figure 5C ). Similar to what was previously observed in lean mice [3] , adropin treatment reduced CPT1 activity ( Figure 5D ) and Cpt1b expression ( Figure 5E ) in the muscle of DIO mice. The excessive mitochondrial uptake of fatty acid and the subsequent b-oxidation can lead to sequestration of free CoA into acetyl-CoA (the end product of boxidation), which in turn reduces the CoA/acetyl-CoA ratio [30, 49] . In our studies, adropin treatment increased the CoA/acetyl-CoA ratio in DIO muscle ( Figure 5F ), which would be accounted for by the inhibitory effect of adropin treatment on CPT-1-mediated mitochondrial fatty acid uptake.
Adropin treatment increased glucose utilization in skeletal muscle of DIO mice
In lean mice, an increase in adropin levels upon feeding activates pyruvate dehydrogenase (PDH), a rate-limiting enzyme in the glucose oxidation pathway [3, 50] . Consistent with previous reports [51] , DIO mice exhibited reduced native PDH activity ( Figure 6A ). Importantly, adropin treatment restored the native PDH activity to the levels observed in lean controls without changing total activity ( Figure 6A) . Reversible phosphorylation is a critical mechanism underlying the regulation of PDH activity, with phosphorylation of specific serine residues in the E1a subunit inhibiting the enzymatic activity [49] . Consistent with the results of PDH activity assay, adropin treatment decreased the phosphorylation level of a key serine residue (Ser 232 ) of the E1a subunit ( Figure 6B ). In addition to phosphorylation, acetylation adds another layer of regulation of PDH activity [37] . Recent evidence demonstrates that in muscle, hyperacetylation of PDH E1a is associated with inhibition of PDH activity [37] . We therefore measured the acetylation level of PDH E1a, and observed a decrease following adropin treatment ( Figure 6B ). It is expected that this hypoacetylation would contribute to the adropin-induced activation of PDH. SIRT3 is a primary NAD þ dependent deacetylase in the mitochondrion [52] , and the E1a subunit of PDH is a substrate of SIRT3 [37] . We then investigated whether adropin treatment would impact SIRT3, thus leading to the altered acetylation level of PDH E1a subunit. The expression of SIRT3 protein is regulated by diet signals, and the level in muscle is reduced by high-fat diet feeding ( Figure S2A ) [53] . Following adropin treatment, the reduced level of SIRT3 protein in DIO mice was not affected ( Figure S2A ), which indicates that adropin may affect SIRT3 activity through mechanisms other than altering protein abundance. In muscle, PDK-4 is a major PDK isoform that phosphorylates the serine residues of the E1a subunit to suppress PDH activity [49, 54] . Altered gene expression is a common mechanism regulating PDK-4 activity [51, 55] . Our results first confirmed the previous finding of Figure 6 : Adropin treatment increased pyruvate dehydrogenase (PDH) activity, and decreased PDK-4 expressions, in the muscle from DIO mice. (A) PDH activity. The activity in whole muscle lysate in the presence of phosphatase inhibitors and ATP-depleting system is designated as "native activity". The activity following phosphatase treatment is designated as "total activity". The ratio of the native activity to total activity was then calculated. (B) The PDH E1a subunit was immunoprecipitated. The immunoprecipitates were used for detections of phospho-Ser232 (pS 232 ), acetylated lysine (Ac-K) and total E1a (DIO group, n ¼ 4e5). A conformation-specific anti-IgG antibody that only recognizes native IgG was used to detect the proteins. The molecular weight of the E1a subunit is 43Kda. (C) The levels of PDK4 protein (n ¼ 4), PDK4 message (n ¼ 5) and PDK2 protein (n ¼ 3e4). *, P < 0.05; **, P < 0.01; ***, P < 0.001. the increased PDK4 protein in DIO muscle [51] , and further showed that adropin treatment reduced the levels of PDK4 message and protein ( Figure 6C ). In parallel with downregulating PDK-4 expression, adropin treatment did not affect the protein level of PDK-2 ( Figure 6C ) that is another isoform expressed in muscle [56] . Thus, adropin action appears to selectively impact PDK-4 expression in DIO mouse muscle, which is consistent with adropin's isoform-selective effect on PDK previously observed in lean mice [3] . Elevated levels of pyruvate oxidation can inhibit FAO at the level of CPT-1, which is in part due to the increased production of pyruvate-derived malonyl-CoA [29] . Following adropin treatment, malonyl-CoA level in DIO muscle was not altered ( Figure S2 ), suggesting that adropininduced FAO is not secondary to PDH activation. We next investigated whether adropin treatment affects non-oxidative glucose disposal pathways including glycolysis and glycogen synthesis. Metabolic profiling analysis demonstrated that the levels of 2phosphoglycerate (an intermediate in glycolysis) and lactate (end product of glycolysis) were increased following adropin treatment (Supplementary Data, Table 1 ), which indicates adropin treatment may increase glycolytic flux. Furthermore, adropin treatment partially restored glycogen level in DIO muscle to that observed in the lean mice ( Figure S3 ). In addition, adropin-treated mice also had increased levels of mannose and fructose in muscle (Supplementary Data, Table 1 ), which may originate from the increased utilization of sucrose contained in the high-fat diet. Taken together, our data suggest that adropin actions increases glucose flux in DIO muscle through both oxidative and non-oxidative pathways.
Adropin treatment reduced PGC-1a in DIO muscle
The transcriptional co-activator PGC-1a regulates the expression of genes involved in oxidative metabolism [57] , and appears to be involved in the adropin-mediated physiological control of fuel selection [3] . DIO mice treated with adropin exhibited reduced message and protein levels of PGC-1a (Figure 7) , which may account for the suppressions of Cpt1b and Pdk4 that are downstream targets of PGC-1a [58e61]. We previously reported that adropin-induced changes in PGC-1a did not alter mitochondrial content and oxidative capacity [3] . Here, we presented similar results in muscle of DIO mice. Citrate synthase activity, a marker of mitochondrial content [62] , expression of mitochondrial transcription factor A (mtTfa) that is proportional to mtDNA copy number [63] , and mitochondrial oxygen consumption indicating oxidative capacity were not altered by adropin treatment (Figure S4A, S4B and S4C ).
Adropin treatment did not increase levels of fatty acid intermediates in muscle
Suppressing CPT-1 activity might cause intracellular accumulation of lipids that could also affect insulin sensitivity [64] . The levels of longchain acyl-CoA's, ceramide and triacylglycerol were all increased in DIO muscle compared to lean mice; however, adropin 34-76 treatment did not affect their levels ( Figure 8A) . Diacylglycerol levels were also not altered by adropin treatment (fold change: adropin/vehicle ¼ 1.01, P > 0.05). Inhibition of CPT-1B can induce compensatory suppression of CD36 [32] that is a major fatty acid transporter in muscle [65] . Indeed, the mRNA and whole cellular protein levels of Cd36 were decreased by adropin treatment (Figure 8D ). These data demonstrate that adropin actions down regulated Cd36 gene expression. In parallel with the downregulation of expression, the CD36 protein level in the cell surface was also decreased by adropin treatment, which indicates that adropin treatment may reduce muscle fatty acid uptake. It further follows that the potential reduced fatty acid uptake prevents the increases in intramuscular lipid levels resulting from the inhibition of CPT-1 activity by adropin treatment. Cd36-deficient mice exhibit increased level of plasma free fatty acids [65] . In spite of the reduced levels of CD36 in muscle, adropin treatment did not affect the plasma levels of fatty acid (fold change, adropin/vehicle: ranging from 1.00 to 1.15, P > 0.05). Interestingly, we found that the hepatic malonyl-CoA level in adropin-treated DIO exhibited a strong trend towards decrease (nmole/g; adr.: 1.4 AE 0.1 vs. veh.: 2.5 AE 0.7). As malonyl-CoA is an allosteric inhibitor of CPT-1 [29] , and liver is another key organ metabolizing fatty acids, adropin treatment might activate hepatic FAO, thus leading to an increase in fatty acid clearance from blood.
Adropin treatment did not alter phosphorylation of JNK and IKK kinase
Mitochondrial fatty acid overload may produce oxidative stress that impairs insulin signaling actions by activating c-Jun NH 2 terminal kinase (JNK) and inhibitor kappa B kinase (IKK) [30, 66, 67] . The JNK/IKK kinases inhibit insulin-induced tyrosine phosphorylation of insulin receptor substrates (IRS) [68] . In our studies, we measured the phosphorylation levels, surrogate markers of the enzymatic activity [69] , of these two kinases. Adropin treatment did not affect the phosphorylation levels, as compared with the vehicle-treated DIO mice, which suggests that adropin actions did not impact the activity of JNK or IKK ( Figure S5 ). These results are consistent with the finding (Figure S1A that adropin treatment did not restore the response of IRS1 phosphorylation upon insulin challenge.
3.9. Adropin treatment was associated with increased notch signaling in skeletal muscle A recent report suggested that adropin retained in the plasma membrane modulates Notch1 signaling pathway [5] . We tested this hypothesis by measuring the expression levels of Hair and Enhancer of split (Hes), a prototypical target gene of Notch signaling [70] . In DIO mice, adropin treatment increased Hes1 mRNA level in muscle ( Figure S6A ), indicating stimulation of Notch signaling pathways. We also measured Hes1 mRNA in skeletal muscle of adropin transgenic overexpression and knockout mice maintained on regular chow diet. The level of Hes1 mRNA was increased in adropin overexpressing transgenic mice ( Figure S6B ), and was decreased in the adropin knockout mice ( Figure S6C ). These data are consistent with the previous report showing that overexpression of adropin in cultured cells upregulates Hes1 mRNA level [5] . Moreover, Hes1 expression in the cerebellum was decreased in adropin knockout mice [5] , which is also consistent with our findings. Here, our study using adropin treatment indicates that circulating adropin may also interact with Notch signaling pathways in muscle. therapy enhanced oxidative glucose disposal while limiting fat oxidation This report extends our recent findings on adropin's physiological role of regulating muscle substrate oxidation, investigating the metabolic actions of adropin treatment in DIO mouse muscle. Adropin therapy reduced Cpt1b expression contributing to the inhibition of CPT-1B, and decreased Pdk4 expression contributing to the activation of PDH, in muscle of DIO mice. Furthermore, adropin treatment decreased Cd36 expression levels, with a potential consequence of reducing muscle fatty acid uptake. Associated with the reduced expressions of these proteins is the downregulation of transcriptional coactivator PGC-1a, a transcription co-activator that regulates the expression of Cpt1b, Pdk4 and Cd36 genes [58e61]. Thus, the downregulation of PGC-1a would lead to a reduction of its transcriptional activity, which could in part account for the suppressed expressions of the target genes. The mechanisms underlying adropin-induced downregulation of PGC-1a are elusive. However, one potential mechanism may involve Notch1 signaling. Hes1, the canonical Notch target, acts as a transcriptional repressor, and physically binds to the promoter region of PGC-1a, thereby suppressing its expression [71] . In our studies, associated with repressing PGC-1aexpression, adropin treatment upregulated Hes1 expression. It follows that adropin action might inhibit PGC-1a expression in DIO muscle through activating Notch1 signaling pathway. How adropin alters notch signaling is not clear, while a direct physical interaction between adropin and the membrane bound proteins that constitute the notch signaling pathway has likewise not been established. Future studies determining whether adropin physically interacts with the notch signaling network and how this interaction alters signaling are clearly needed. In our previous report, adropin's actions induce hyperacetylation of PGC-1a protein (inhibiting the transcriptional activity) without altering its expression; a response that may involve downregulation of SIRT1 protein [3] . In the current study, SIRT1 protein levels in DIO mice were too low to be reliably detected. This finding is consistent with the results of a previous study reporting that high-fat diet markedly reduces SIRT1 expression in muscle [72] . We nevertheless attempted measurements of nuclear SIRT deacetylase activity in DIO mice, finding no changes in response to adropin treatment (in AFU/min/mg protein; vehicle-treated: 2.4 AE 0.29, adropin-treated: 2.2 AE 0.47). Thus, in skeletal muscle of DIO mice, SIRT1 does not seem to be involved in adropin's action on PGC-1a. One interpretation for the lack of change in SIRT1 level is that basal levels of SIRT1 in DIO muscle are already very low, with no further reductions either elicited or detected in response to adropin treatment. Adropin treatment increased PDH activity in the muscle of DIO mice. Here, we discuss several mechanisms underlying this effect supported by our data. First, adropin's effect on PDK-4 expression is expected to play a role in the activation of PDH. Adropin treatment, likely through downregulating PGC-1a, decreased PDK4 expression which would then reduce its enzymatic activity. Moreover, adropin treatment increased the CoA/acetyl-CoA ratio, which allosterically inhibits PDK4 activity [3, 29, 73] . Together, the reduced PDK4 activity decreases the phosphorylation levels of the E1a subunit, increasing PDH activity. In addition, acetylation of E1a subunit is negatively associated with PDH enzymatic activity [37] . The decreased acetylation of the E1a subunit by adropin thus provides another mechanism underlying the activation of PDH. Finally, the increase in the ratio of CoA/acetyl-CoA (by adropin treatment) would directly promote PDH activity and pyruvate oxidation [3, 29] . therapy improved mitochondrial function A recent report proposed that mitochondrial fatty acid overload contributes to the development of diet-induced glucose intolerance and insulin resistance [30] . High-fat diet feeding augments muscle mitochondrial fatty acid uptake, resulting in an increased load of boxidative pathway [30, 31] . In the presence of this overload, several adaptive metabolic responses were initiated, including upregulations of the capacity of b-oxidation and tricarboxylic acid (TCA) cycle [74] . These adaptive responses support an increased flux through boxidation pathway. However, the excessive b-oxidation can exceed the TCA cycle capacity, resulting in the accumulation of incompletely oxidized fatty acid intermediates [30, 31] . In mitochondria, the elevation of incomplete FAO fosters a metabolic environment that favors sequestration of free CoA into acetyl-CoA [30, 31] , which ultimately results in a reduction of CoA/acetyl-CoA ratio. The decrease in CoA/ acetyl-CoA has marked impacts on mitochondrial function, with one effect, as mentioned above, being the inhibition of PDH activity [30] . Here, our data demonstrated that adropin treatment reduced the elevated level of incomplete FAO in DIO muscle, which is likely a combined effect of the downregulation of CD36 and the reduction of CPT-1 activity. In turn, the resulting decrease in incomplete b-oxidation would augment the CoA/acetyl-CoA ratio, which would then attenuate the impairment of mitochondrial function of substrate oxidation associated with excessive bÀoxidation.
DISCUSSION
Adropin
Adropin therapy may also have regulated the ratio of NAD þ to NADH, which we speculate to provide an additional mechanism underlying the observed activation of PDH. Excessive b-oxidation in the DIO condition tends to reduce the ratio of NAD þ to NADH in mitochondria, which would promote activation of PDK4 and inhibit PDH [30, 75] . Moreover, a reduction in NAD þ would also restrict SIRT3 activity, thus impacting the acetylation levels of mitochondrial proteins including the PDH E1a subunit [37] . By reducing CPT-1B activity in muscle, adropin treatment has the potential to reverse the above effects that are associated with the excessive b-oxidation, thereby promoting PDH activity.
Thus, our data support the hypothesis [30, 32] that limiting muscle mitochondrial fatty acid overload may be an effective strategy to ameliorate mitochondrial dysfunction with respect to substrate oxidation. Indeed, a growing body of evidence is in line with our finding that the inhibition of CPT-1 activity can boost the diminished PDH activity under DIO condition. For example, treatment of DIO mice with the CPT-1B-selective inhibitor oxfenicine activates PDH in muscle [32] . In addition to the pharmacological intervention, raising the level of malonyl-CoA, a physiological inhibitor of CPT-1, has also been employed to inhibit CPT-1 activity and elevate the PDH activity or glucose oxidation. The malonyl-CoA decarboxylase (MCD) knockout mice that have an increased malonyl-CoA level exhibited a preferential oxidation of glucose over fatty acid [30] . In human skeletal muscle cells, silencing MCD (resulting in an increase in malonyl-CoA level) augments cellular glucose oxidation level [76] . As PDH plays the gate-keeping role in glucose oxidation pathway, the activation of PDH in muscle underlies the increased whole body carbohydrate oxidation following adropin treatment. Furthermore, consistent with a previous report [32] , the increase in glucose oxidation in muscle can greatly enhance whole body glucose tolerance. The notion that PDH activity state per se impacts glucose homeostasis is supported by several findings. The oxfenicine-treated DIO mice exhibited an improvement of glucose tolerance, which is in part due to the activation of muscle PDH [32] . Pdk4-deficient mice exhibit increased PDH activity and glucose oxidation in muscle, and have enhanced glucose tolerance [77] . Moreover, treatment of hyperglycemic Zucker fatty rats with PDK isoform-selective inhibitors reduces blood glucose levels [77] . Finally, reduced PDH activity in musclespecific carnitine acetyltransferase knockout mice compromises glucose tolerance [78] . In contrast, carnitine supplementation alleviates inhibition of PDH activity in the insulin resistant state, and improves glucose homeostasis [78] .
Adropin 34-76 therapy enhanced insulin actions via a noncanonical pathway
Adropin therapy enhanced muscle insulin signaling actions, an effect that would also be expected to significantly contribute to the improved glucose tolerance. Treatment of DIO mice with adropin increased insulin-stimulated cell surface GLUT4 expression, indicating a potential increase in muscle glucose uptake upon insulin. Associated with the enhanced response of GLUT4 are the augmented insulin-induced phosphorylations of Akt and AS160, two upstream mediators involved in GLUT4 translocation in insulin signaling pathways. Interestingly, adropin pretreatment did not increase insulininduced IRS1 phosphorylation and PI-3K recruitment to IRS1, the canonical insulin intracellular signaling pathway [79] . This selective modulation of the distal segment of insulin signaling pathway is not unprecedented. One study reported amelioration of hyperglycemia associated with the enhanced insulin-induced responses of Akt and GLUT4 translocation, without changes in IRS1 phosphorylation [33] . In our studies, adropin treatment appears to sensitize Akt response to insulin by downregulating PTEN with a potential increase in the basal level of PIP3. Thus, although PI3K was not effectively recruited upon insulin stimulation in the adropin-treated DIO mice, the inhibition of PTEN may raise the level of PIP 3 above a threshold required for triggering the insulin-induced Akt phosphorylation and activation. Mechanistically, the Notch signaling might mediate the effect of adropin treatment on PTEN expression. Activation of Notch signaling can exert an inhibitory effect on Pten expression [80, 81] , which is mediated by Hes1 that binds to the regulatory sequence in the promoter region in Pten gene [80] .
The view of improving insulin sensitivity and glucose homeostasis by restricting mitochondrial fatty acid uptake seems to contradict the traditional idea [82] that promotion of mitochondrial FAO alleviates insulin resistance. The increase in mitochondrial FAO is generally believed to have the ability of lowering the level of cytosolic bioactive lipid intermediates, thereby enhancing insulin sensitivity [64, 82] . This argument has been supported by the finding that activation of muscle CPT-1 alleviates insulin resistance in high fat diet-fed animals [82] . In that report, CPT-1 activation increased FAO level, and reduced the amounts of intramuscular lipid intermediates [82] . In contrast, in the current report, the inhibition of CPT-1 by adropin treatment did not result in the elevation of the cellular bioactive lipid levels, which seems to be paradoxical to the changes found in the CPT-1 overexpression study [82] . In our studies, adropin treatment reduced whole cellular as well as cell surface Cd36 expression levels, and these changes indicates a potential reduction of muscle fatty acid uptake [32] . We propose that the downregulation of CD36 would play a key role in preventing the cellular levels of lipid intermediates from rising in response to adropin treatment. Interestingly, the similar findings have been demonstrated in some other reports employing inhibition of CPT-1 as an approach to improve glucose homeostasis. Oxfenicine treatment also results in a downregulation of plasma membrane level of CD36 [32] , and MCD silencing in human muscle cells is associated with a reduced expression of fatty acid transport protein (Fatp) and a decreased palmitate uptake [76] . On the other hand, the CPT-1 overexpression study [82] also does not contradict the hypothesis that preventing mitochondrial overload has beneficial effects on glucose tolerance and insulin sensitivity. We speculate that the activation of muscle CPT-1 in that study did not elevate mitochondrial fatty acid uptake to a level that b-oxidation exceeds the capacity of the TCA cycle. As a result, the incomplete oxidation had not been significantly developed, and consequently, the CoA/acetyl-CoA ratio was maintained, leaving no major effect on the activity of PDH. Indeed, this prediction is supported by the finding that the levels of the incompletely oxidized fatty acid intermediates were not significantly increased following the overexpression of CPT-1 [82] . Taken together, these results demonstrate that the coordinated actions on metabolic pathways produce different physiological outcomes from uncoordinated or isolated actions. To further support this argument, the paradoxical effect of muscle-specific overexpression of PGC-1a on insulin sensitivity provides another example [83] . In this study, the increased expression of PGC-1a in muscle unexpectedly resulted in insulin resistance [83] . It should be particularly noted that, in parallel with the increased mitochondrial oxidative capacity, Cd36 levels were also elevated by PGC-1a overexpression [83] . The upregulation of Cd36 would facilitate fatty acid uptake, which may lead to accumulation of toxic lipid intermediates, and thus the impairment of insulin sensitivity [83] . However, adropin treatment appears to initiate coordinated actions on fuel-handling proteins, which maintains intramuscular lipid levels while preserves insulin control of glucose metabolism. In the current and previous reports, we have focused on the metabolic effects of adropin on skeletal muscle. Besides muscle, adropin also regulates endothelial function [6] . Notably, adropin treatment induces activation of endothelial nitric oxide synthase (eNOS) that produces nitric oxide, a critical endogenous vasodilator [6, 84] . In our studies, the observed improvements of glucose and insulin tolerance may stem partly from the potential effect of adropin on vasodilation in the muscle. The consequent enhancement of blood perfusion can increase glucose availability, which could augment glucose metabolism.
Summary
The current study provides a molecular basis for the improvements in glucose homeostasis that are observed with adropin treatment. Our data suggest that skeletal muscle is a major organ target in mediating these effects, although actions involving other insulin-target organs are possible and further investigation is clearly warranted. These data support the notion that adropin may be a promising drug target in developing treatments against diet-induced dysregulation of glucose homeostasis and insulin resistance.
AUTHOR CONTRIBUTIONS
S.G. and A.A.B. contributed to the study concept and design, data analysis and interpretation, and writing of the manuscript. R.P.M. and M.W.H. contributed to the collection of data, data interpretation, and reviewed the manuscript. Q.Z. and G.D.L. contributed with technical assistance and data collection and reviewed the manuscript. S.G. and A.A.B. are the guarantors of this work and, as such, had full access to all the data in the study and take responsibility for the integrity and accuracy of data analysis. 
ACKNOWLEDGMENTS
